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10 Residue Folded Peptide
Designed by Segment Statistics
folded piece would have been advantageous to survive
through natural selection in the early evolutionary stages
because of the superiority of its stability and its struc-
Shinya Honda,* Kazuhiko Yamasaki,
Yoshito Sawada, and Hisayuki Morii
National Institute of Advanced Industrial Science
and Technology tural uniqueness compared with a disordered piece. In
the latter scenario, a nucleating piece is required to foldAIST Central 6
Tsukuba 305-8566 spontaneously in advance of the global process for an
entire molecule (Anfinsen and Scheraga, 1975). As oneJapan
illustration, it is known that the stabilization of a certain
local structure often accelerates the total folding rate
of an entire molecule (Chiti et al., 1999), indicating theSummary
significance of the foldability of the piece. Molecular
dissection studies have accumulated evidence that sev-We have designed a peptide termed chignolin, con-
eral short fragments derived from natural proteins foldsisting of only 10 amino acid residues (GYDPETGTWG),
into native-like structures in isolated state (de Prat Gayon the basis of statistics derived from more than 10,000
and Fersht, 1994; Dyson and Wright, 1993), though theprotein segments. The peptide folds into a unique
majority of them cannot retain the original conformationstructure in water and shows a cooperative thermal
without interactions with their surroundings. The frag-transition, both of which may be hallmarks of a protein.
ment assembly method (Simons et al., 1997) is currentlyAlso, the experimentally determined -hairpin struc-
one of the most successful methods for protein structureture was very close to what we had targeted. The
prediction (Kinch et al., 2003). In this method, local struc-performance of the short peptide not only implies that
tures of 3 or 9 residue segments are usually used forthe methodology employed here can contribute to-
conformational sampling. These studies imply that award development of novel techniques for protein de-
protein consists of some “autonomous elements” andsign, but it also yields insights into the raison d’etre
the remaining passive regions whose structures are de-of an autonomous element involved in a natural pro-
pendent on the entire context. An autonomous elementtein. This is of interest for the pursuit of folding mecha-
(AE) is defined in the present paper as a part of a naturalnisms and evolutionary processes of proteins.
protein that possesses high foldability, the structure of
which is stabilized predominantly through local interac-
Introduction tions between amino acids that are relatively close
neighbors in sequence. This speculative discussion gives
A domain has been regarded as a fundamental unit of rise to some interesting questions. Are AEs found in the
a protein (Jaenicke, 1999). In the primordial soup, how- present proteins the fossils of ancient proteins? Does a
ever, it was not possible to find one correct sequence folding nucleus always involve AEs? Is there a particular
for a domain-sized protein by a random process. This structural relation between an ancient protein and a
is because the total number of possible permutations folding nucleus? To address these questions, we exam-
is beyond astronomical figures. (There are not enough ined in the present study whether a short peptide that
atoms in the universe for preparing 20100 sequences.) folds autonomously in water can be designed on the
Early ancestral proteins, therefore, must have been assumption of evolutionary conservation of a folding
much smaller than the classical size of a domain. Pres- nucleus. This is because, if the answers to these ques-
ent proteins are thought to have evolved through the tions are positive, the AE corresponding to a part of a
assembly of small “pieces” and/or gradual elongation folding nucleus would be conserved among unrelated
of them (Gilbert, 1985; Seidel et al., 1992). Likewise, the protein structures. We further speculated that the se-
folding process of proteins has been often recognized in quence-structure correlation within the AEs would be
terms of a “piece” (Karplus and Weaver, 1976; Wetlaufer, significant, and that the consensus sequence obtained
1973). The “piece” referred to in folding research is from this sequence-structure correlation would provide
called by various names such as an element, a microdo- a novel short peptide with high foldability that could be
main, a subdomain, or a foldon. Although the strict defi- regarded as a model of an ancient protein.
nitions of these terms and their responsibilities in folding We report here a short peptide consisting of only 10
processes vary somewhat depending on researchers amino acids, which has emerged from an original hy-
and their models, the formation of a local structure at pothesis named AE concept and has been designed by
a particular segment is a critical step in the folding pro- a novel statistical methodology. The peptide was well
cesses of at least certain kinds of proteins (Fersht, 1999; solvated in aqueous solution and folded into a unique
Ptitsyn, 1998). Although these two scenarios, i.e., “evo- structure at low temperature. The backbone structure
lution by pieces” and “folding by pieces,” have been of the peptide resembled the structural template that
developed independently, they share one common na- was used as a target in design procedures. Similar to a
ture. Namely, higher foldability of the pieces is generally globular protein, the peptide unfolds cooperatively with
preferred in both scenarios. In the former scenario, a temperature without accumulating any equilibrium inter-
mediates. Nevertheless, a residual folded fraction still
remained even at the boiling point of water or in the*Correspondence: s.honda@aist.go.jp
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Table 1. Position-Specific Scoring Matrix for G-Peptide-like Motif
Template Sequencea Tyr Asp Asp Ala Thr Lys Thr Phe
Position No. in 2 3 4 5 6 7 8 9
Designed Decapeptideb
(45) (46) (47) (48) (49) (50) (51) (52)
Alac 0.3 0.2 0.7 1.7 0.2 0.2 0.2 0.4
0.3 0.1 0.5 1.6 0.1 0.1 0.1 0.4
0.4 0.2 1.6 1.5 0.4 0.0 1.1 0.4
Arg 0.9 0.9 0.5 0.8 1.2 1.4 1.7 0.2
0.9 0.9 0.9 0.6 1.0 1.3 1.6 0.4
0.8 0.3 0.8 0.5 1.1 1.1 1.6 0.3
Asn 0.2 4.4 1.0 0.8 0.8 3.6 0.8 0.4
0.0 4.2 1.0 0.8 1.3 3.3 1.2 0.6
0.3 5.2 1.0 0.3 2.8 2.4 0.7 0.0
Asp 0.5 7.0 1.2 1.5 1.3 1.7 0.0 0.2
0.3 6.6 1.0 1.1 1.4 1.6 0.0 0.0
0.3 6.6 1.7 1.4 0.9 2.0 0.3 0.0
Cys 1.0 2.1 0.5 0.5 1.0 0.5 1.0 2.6
2.0 5.5 0.5 0.5 4.0 1.5 1.0 3.0
0.9 4.5 0.0 2.7 1.8 0.9 0.9 1.8
Gln 0.0 0.2 0.7 0.9 0.9 1.1 1.1 0.7
0.2 0.2 0.6 1.1 1.1 1.1 1.3 1.1
0.0 0.4 0.4 1.1 1.1 2.7 1.1 0.8
Glu 0.4 0.6 1.7 2.6 1.1 0.3 2.0 0.4
0.5 0.7 1.5 2.6 0.8 0.3 1.2 0.5
0.2 0.7 1.0 2.2 1.0 0.0 1.7 0.7
Gly 0.0 0.1 0.5 0.0 0.0 3.8 0.1 0.4
0.0 0.0 0.2 0.2 0.0 4.7 0.5 0.4
0.2 0.2 0.4 0.2 0.0 5.3 0.6 0.2
His 1.6 1.2 2.0 0.0 3.2 1.6 0.4 0.4
1.9 1.5 1.5 0.8 2.7 1.2 0.0 0.4
0.7 2.1 0.0 0.0 2.1 1.4 0.0 1.4
Ile 1.5 0.5 0.3 0.7 0.5 0.0 1.4 2.6
1.8 0.5 0.5 0.7 0.2 0.0 1.5 2.4
2.0 0.3 0.3 0.9 0.0 0.0 0.9 2.9
Leu 0.5 0.2 0.9 0.4 0.6 0.3 1.0 1.4
0.7 0.1 1.0 0.4 0.6 0.2 0.5 1.4
0.5 0.3 0.8 0.2 0.5 0.2 0.3 1.2
Lys 0.5 0.0 1.7 1.9 1.6 3.3 1.7 0.9
0.9 0.1 1.6 2.1 1.2 2.5 2.2 0.9
0.8 0.0 1.9 3.2 1.3 1.6 2.4 0.8
Met 0.7 0.0 0.4 0.0 0.4 0.7 1.5 1.1
1.1 0.0 0.4 0.0 0.7 1.1 2.1 1.1
0.6 0.0 0.6 0.6 0.6 1.3 0.6 0.6
Phe 3.4 0.7 0.2 0.2 0.2 0.0 0.5 2.3
3.5 0.7 0.4 0.2 0.2 0.0 0.7 2.2
1.6 0.4 0.0 0.0 0.0 0.0 0.8 1.9
Pro 0.2 0.0 4.5 0.3 0.0 0.0 0.0 0.0
0.0 0.0 3.8 0.5 0.0 0.0 0.0 0.2
0.9 0.0 4.2 0.3 0.0 0.0 0.0 0.9
Ser 0.1 1.5 0.8 1.9 1.3 0.3 1.3 1.2
0.2 1.6 1.1 1.7 1.7 0.2 1.2 0.7
0.0 1.1 0.4 1.3 2.2 0.4 1.1 0.4
Thr 0.8 0.2 0.2 1.5 4.9 0.3 2.7 0.8
0.7 0.3 0.3 1.5 4.2 0.4 2.8 1.0
1.6 0.3 0.5 1.3 4.4 0.0 2.9 1.0
Trp 5.4 0.0 1.4 0.7 0.0 0.7 0.0 4.1
5.2 0.0 1.3 1.3 0.0 0.7 0.7 3.3
3.5 0.0 0.0 0.0 0.0 0.0 0.0 3.5
Tyr 8.6 0.6 0.6 0.6 1.1 0.0 0.8 1.4
6.4 0.8 0.5 0.3 1.1 0.0 1.1 1.3
7.1 0.5 0.5 0.5 0.5 0.0 0.9 1.9
(continued)
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Table 1. Continued
Template Sequencea Tyr Asp Asp Ala Thr Lys Thr Phe
Val 1.5 0.7 0.7 0.7 0.3 0.0 0.9 2.3
1.4 0.1 1.2 0.6 0.4 0.0 0.9 2.1
2.3 0.5 1.1 0.9 0.0 0.5 0.5 2.5
Mutation Y45A D46A D47A T49A K50A T51A F52A
Gtr (kJ mol1)d 5.8 7.5 0.0 6.9 5.8 5.4 2.3
5.2 9.2 0.5 8.3 7.0 7.3 2.3
5.0 7.8 1.0 5.3 1.5 2.3
G (kJ mol1)e 7.2 5.7 1.5 3.6 1.9 6.9
(7.3) (2.0) (3.0) (7.8)
a The sequence of the central region of G-peptide is represented.
b The numbers in parentheses show the corresponding positions in GB1.
c The values in the first, second, and third rows represent the statistical propensities of the 20 amino acids (Pj(i )), as determined from the
structural analogues in groups A, B, and C, respectively (see Experimental Procedures). The highest scores at each position are written in
bold, and the values corresponding to the amino acids in G-peptide are underlined. A comparison between the current statistical results and
the values from a previous study of G-peptide mutants (Kobayashi et al., 2000) is given in the bottom five rows.
d The statistical transfer free energy is defined as Gtr  RTln[pj(mutant)/pj(wild)], where pj(mutant) and pi(wild) are the probabilities of the
mutant and wild-type amino acid at the jth position, respectively (T  298 K). The values of Gtr were calculated separately for each group
of the structural analogues.
e Experimental parameters of a mutational change in unfolding free energy (G) of the G-peptide mutants and the GB1 mutants (in parentheses)
are cited from the literatures (Kobayashi et al., 2000; McCallister et al., 2000), respectively.
presence of concentrated denaturant. Our data shed the -hairpin than the residues at both termini. Thus,
we focused on selecting 8 amino acids that would belight on a molecular architecture of natural proteins and
will provide fundamentals to create an artificial protein the strongest candidates for making a stable -hairpin.
First, a database of 8 residue segments was built usinghaving a novel topology. Also, they would provoke a
thoughtful discussion as to the minimum size of a protein coordinate data from more than 100 nonhomologous
proteins taken from the Protein Data Bank (PDB). Thisor the evolutional process of a protein molecule.
segment database was then searched for structural ana-
logs similar to the central region of G-peptide. In thisResults and Discussion
operation, structural dissimilarity between peptides was
defined on the basis of backbone dihedral anglesStatistical Analysis of Segments
As a target scaffold for rational design we chose G-pep- (BDHA), as described in detail in Experimental Proce-
dures. Finally, the statistical propensities of 20 aminotide (Honda et al., 2000), because it is one of the well-
investigated peptides, as a representative AE. G-pep- acids at each position were calculated and summarized
in a position-specific scoring matrix (PSSM). For thetide is a 16 residue peptide corresponding to a dissected
fragment of residues 41–56 of protein G B1 domain analysis, two data sets containing nonhomologous pro-
teins were used independently to build the segment(GB1). It is the first natural sequence that was found to
fold spontaneously into a -hairpin structure in aqueous database. One data set contains approximately four
times more protein entries than the other data set, whichsolution (Blanco et al., 1994). Though several designed
peptides are known to form -hairpins (Gellman, 1998; allows us to examine the sampling size dependence on
statistical analyses. Also, several different tolerancesSearle, 2001; Serrano, 2000), there are few reports of
short fragments that have been constructed using a were set to determine the structural analogs. In spite of
these differences in calculating conditions, the resultantpurely natural sequence without any replacements or
modifications, and that still fold into native-like -hair- values for the propensities are similar, which indicates
the statistical reliability of this analysis. According topins in water. G-peptide folds and unfolds through a
two-state phase transition (Honda et al., 2000; Mun˜oz Table 1 the amino acids of G-peptide have a high pro-
pensity for -hairpin formation (1.5) at all positionset al., 1997), like a typical protein. In addition, it binds
specifically to a complementary fragment from the same except position 47. In view of the fact that G-peptide
folds spontaneously, this statistical result is quite rea-protein, residues 1–40, and this regenerates a native-
like complex showing similar structural (Kobayashi et sonable. Furthermore, the results shown in the table
agree with previous observations made in a study ofal., 1995) and thermodynamic (Honda et al., 1999) prop-
erties to GB1. Furthermore, the segment corresponding G-peptide mutants (Kobayashi et al., 2000). The propen-
sities for an Ala residue to occur at positions 45, 46, 49,to G-peptide is involved in the folding nucleus of GB1,
i.e., the segment folds in earlier stages than do the other 50, or 52 are low (0.5), which is consistent with the
low structural stability of the mutants Y45A, D46A, T49A,regions during the folding process of GB1 (McCallister
et al., 2000). K50A, and F52A. (All mutations were single Ala replace-
ments that were introduced into peptides composed ofThrough experimental (Kobayashi et al., 2000) and
theoretical (Dinner et al., 1999; Pande and Rokhsar, 16 amino acids [Kobayashi et al., 2000].) The propensity
for Ala to occur at position 47 (0.51.6) was comparable1999) studies, the central amino acids of G-peptide were
found to play more important roles in the formation of to that of the original Asp residue (1.01.7), while D47A
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tion at 277 K. The number of crosspeaks corresponding
to medium/long-range NOE constraints was 6.2 per
amino acid (Table 2), which is comparable to a typical
value for a large protein. Chemical shifts of the several
protons on the side chain of Tyr2 were largely shifted
(1.1 ppm) from their canonical values in random coil
conformation (Table 3), probably due to the ring current
effect of Trp9. Interaction between these two aromatic
side chains was also confirmed by the obvious negative
NOE crosspeaks between them (Table 3; Figure 3).
Moreover, an amide H-D exchange experiment for chig-
nolin indicated that several hydrogen atoms were pro-
tected from exchange to water. In particular, the protec-
tion factor for HN at Gly7 was greater than 20, suggesting
that a hydrogen bond is formed with this hydrogen.
These characteristics suggest that chignolin folds into
a particular structure in water in spite of its remarkably
Figure 1. Sedimentation Equilibrium Analysis of Chignolin small molecular size (1082 Da). In contrast, GPM12 did
Plotted data are for 43 M chignolin at rotor speed of 50 krpm. The not show obvious indications of a specific structure un-
experimental molecular weight calculated from the fitted slope is
der the same experimental conditions as chignolin (data1218, which is close to the theoretical molecular weight of chignolin,
not shown).1082. All measurements in other conditions indicated that chignolin
The three-dimensional structure of chignolin was de-is dissolved as a monomer, not in an oligomeric state.
termined by a simulated annealing calculation using 185
constraints obtained from NMR experiments. The aver-
was the only mutant found to be more stable than aged rms deviation of the resultant 18 structures (accep-
G-peptide (Kobayashi et al., 2000). The statistical pa- tance: 36%) from their averaged coordinate (not includ-
rameter (Gtr) was roughly correlated with the experi- ing atoms in the two terminal Gly residues) was 0.49
mental parameters (G ) determined by thermody- and 0.85 A˚ for the backbone and all heavy atoms, re-
namic analyses of the G-peptide mutants or the GB1 spectively (Table 2). We also attempted an alternative
mutants (Table 1). All of these results teach us that the calculation with ignoring the short-range constraints (58
statistical information shown in the PSSM is useful for of intraresidue, and 52 of sequential NOEs). The resul-
understanding the foldability of the local segment. tant 28 structures (acceptance 56%) showed almost
the same rms deviation (0.42 and 0.81 A˚, respectively).
Design, Synthesis, and Solubility of Peptides Furthermore, these 28 structures are quite similar to the
As mentioned above, the original residues of G-peptide 18 structures determined using all constraints (the rms
prefer to form a -hairpin, but their statistical propensi- deviation of the total 46 structures was 0.40 and 0.88 A˚,
ties do not always correspond to the highest score in the respectively). These deviations are a sign of an excellent
PSSM. In order to ascertain the utility of the statistical level of certainty for a protein structure determined by
information in designing a novel peptide, two decapep- NMR, which strongly suggests that chignolin exists in
tides were synthesized and characterized with respect equilibrium between a unique/compact structure and a
to structure and stability. One peptide, termed chignolin, random coil, rather than as an ensemble of many tran-
was composed of 10 amino acids (GYDPETGTWG). Its sient conformations. Satisfactory convergence in the
central 8 residues have the highest score shown in Table simulated annealing calculation can be also seen by
1. The two terminal Gly residues functioned as spacers, superimposition of the structures obtained (Figure 4A),
which were intended to remove any accidental negative where all coordinates including side chains were in good
(or positive) effects of terminal charges on the central accordance. Using these coordinates we can reason-
residues. The second peptide synthesized was a control ably deduce the noncovalent bond interactions that sta-
peptide, GPM12 (GYDDATKTFG), in which the central bilize the structure of chignolin. Figure 4B shows domi-
residues corresponded to the central 8 amino acids of nant hydrogen bonds and hydrophobic interactions, as
G-peptide. The sequential identity between the two pep- judged by the distances and angles between interresi-
tides was 60%, including the two terminal Gly residues. due atoms. According to a considerable number of stud-
Both peptides were soluble in water. Analytical ultracen- ies on -hairpins (Gellman, 1998; Searle, 2001; Serrano,
trifugation measurements indicate that chignolin was 2000), a cross-strand side chain-side chain interaction,
dissolved as a monomer at micromolar concentrations, especially hydrophobic interaction between side chains,
as shown in Figure 1. In addition, the CD spectra of is regarded as one of the major factors promoting stabil-
chignolin showed no concentration dependence in the ity of the hairpin conformation. This type of hydrophobic
more concentrated ranges (Figure 2). These results interaction was identified between Tyr2 and Trp9 in chig-
demonstrate that chignolin is monomeric in water up to nolin, as proved by 17 NOE constraints between these
a concentration of at least 2 mM. side chains (4 medium and 13 weak NOEs; Table 3). The
orientation of these two aromatic rings is almost perpen-
Structural Analysis dicular to each other, which is similar to that of a designed
In NOESY measurements, numerous negative cross- peptide known as a tryptophan zipper (Cochran et al.,
2001). Besides the hydrophobic interaction, hydrogenpeaks were obtained for chignolin in an aqueous solu-
10 Residue Folded Peptide
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Figure 2. Dependence of Chignolin Confor-
mation on a Peptide Concentration
(A) CD spectra of chignolin at various peptide
concentrations (19–1920 M) at 293 K. Chig-
nolin was dissolved in 20 mM sodium phos-
phate buffer (pH 5.5).
(B) Molecular ellipticities of chignolin at 220,
230, and 240 nm as a function of a peptide
concentration.
bonds clustered at the turn region should be noted. same type as that seen in G-peptide. In addition, the
backbone trace of the averaged coordinates overlapsAlthough the difference in enthalpy between a single
amide-amide hydrogen bond and a single amide-water well with the structure of the design template (Figure 4C).
The backbone rms deviation of the central 8 residues ofhydrogen bond has been classically considered to be
minor, Figure 4B suggests that multiple hydrogen bonds chignolin to the segment 45–52 of GB1 is very small
(0.69 A˚). On these grounds, we reasonably concludeconcentrated in a local region (H-bond cluster) are ad-
vantageous for the formation of an AE. Stabilization by that the PSSM obtained by the statistical analysis of
protein segments was quite useful for designing newsuch an H-bond cluster would result from a cooperative
effect that raises the effective concentration of hydrogen peptides having a specific structure.
acceptors. Judging from the connective pattern of the
hydrogen bonds, chignolin can be classified as a type Stability and Cooperativity Analyses
[4:4] hairpin (Sibanda and Thornton, 1991), which is the CD spectra of chignolin in the far-UV region showed a
characteristic positive peak at 229 nm (Figure 5A). The
peak wavelength and intensity were obviously different
Table 2. NMR Constraints and Structural Statistics for Chignolin from the intrinsic spectra of individual aromatic side
chains. The positive peak is thereby a signpost of theConstraints
folded structure of chignolin, and is probably causedIntraresidue NOEs 58
Sequential NOEs (|i  j|  1) 52 by the exciton coupling effect (Grishina and Woody,
Medium-range NOEs (|i  j|  24) 28 1994) between Tyr2 and Trp9. In light of the tight interac-
Long-range NOEs (|i  j|  5) 34 tion between the two aromatic rings demonstrated by
Hydrogen bonds 1
NMR measurements, the exciton coupling is compre-Torsion angles 12
hensible. A similar positive CD peak has been found inTotal 185
several natural proteins (Grishina and Woody, 1994) andRms deviation from constraintsa
NOEs and hydrogen bonds (A˚) 0.0177  0.0053 designed peptides (Cochran et al., 2001). The positive
Torsion angles (	) 0.117  0.165 peak was still observed in 7.6 M urea solution and did
van der Waals energy (kcal mol1)a,c 0.643  0.096 not disappear completely even at 367 K. These results
Rms deviation from the ideal geometrya,c
prove that some fraction of the folded structure of chig-Bond lengths (A˚) 0.0032  0.0002
nolin remains even in such severe conditions. On theBond angles (	) 0.816  0.005
other hand, no positive peak was found in the spectraImproper angles (	) 0.386  0.010
Average rms deviations among the ensembles (A˚)b of GPM12 (Figure 5B). The shape was close to a typical
Backbone (N, C
, C) 0.49  0.15 spectrum of a random coil, and there was little difference
All heavy atoms 0.85  0.17 between the spectra at 293 and 343 K. These results
Ramachandran map analysis (%)a,d
suggest that GPM12 does not form a stable structure,Most favored region 78.7  13.7
unlike chignolin.Disallowed region 0.0  0.0
All spectra of chignolin at various temperatures inter-
Structural statistics were calculated for 18 structures resulting from
sect with each other at 221.4 nm (Figure 5A). The occur-50 simulated annealing trials (acceptance: 36%).
rence of an isosbestic point argues that chignolin existsa The parameters indicate the values calculated for Gly1–Gly10.
in equilibrium between the folded and unfolded statesb The parameters indicate the values calculated for Tyr2–Trp9.
c The parameters indicate the values determined from standard pa- without any intermediate states, and that the CD spectra
rameters used in X-PLOR (Brunger, 1992). of both the fully folded and the unfolded states would
d The parameters indicate the values obtained by evaluation using not change with temperature. To evaluate the structural
PROCHECK_NMR (Laskowski et al., 1996).
cooperativity in thermal transition, the sharpness of a
Structure
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Table 3. 1H Chemical Shifts of Tyr2 and Trp9 and NOE Constraints between Them
Proton (No.) Chemical Shifts (ppm) NOE Partners
 -random Mediuma Weaka
Tyr2
HN (1) 8.81 0.71b 13, 15
H
 (2) 4.10 0.33b 8, 13
H2 (3) 1.74 1.05b 15
H3 (4) 2.30 0.81b 15, 16 8, 12, 13, 14
H# (5) 6.17 0.98c 8, 11, 12 7, 9, 10, 13, 14, 15, 16
H# (6) 6.50 0.36c 7, 10, 11, 12
Trp9
HN (7) 8.94 0.91b 5, 6
H
 (8) 4.79 0.37b 2, 5 4
H2 (9) 3.10 0.09b 5
H3 (10) 3.38 0.19b 5, 6
H1 (11) 7.31 0.07c 5 6
H1 (12) 10.29 0.07c 5 4, 6
H3 (13) 7.54 0.11c 2 1, 4, 5
H2 (14) 7.29 0.21c 4, 5
H3 (15) 7.14 0.03c 4 1, 3, 5
H2 (16) 7.15 0.09c 4 5
a Medium and weak NOEs correspond to 3.5 and 5.0 A˚ distance constraints, respectively (see Experimental Procedures).
b The referential chemical shifts of the residues in random coil conformation are cited from Wishart et al. (1991).
c The referential chemical shifts of the residues in random coil conformation are cited from Bundi and Wu¨thrich (1979).
melting curve is often discussed. In some cases, broad assuming Cp  0. As listed in Table 4, the values of
the transition temperature (Tm), the enthalpy change atchanges were regarded as evidence for poor coopera-
tivity without analyzing them deeply. According to the Tm (Hm), and the entropy change at Tm (Sm) obtained
from the 229 nm curve were very close to those fromtheory of protein denaturation, however, the sharpness
of a melting curve also depends on the absolute value the 213 nm curve. In addition, these values were similar
to the initial results, indicating the calculating conditionof van’t Hoff enthalpy change even if the phenomenon
is a complete first order phase transition (Honda et al., for Cp is not sensitive enough to determine the thermo-
dynamic parameters of chignolin. The normalized melt-2000). Therefore, it is not straightforward to evaluate
the cooperativity of small molecules, because they are ing curves from 229 and 213 nm, corresponding to the
molar fraction of the folded state, are well superimposedexpected to have small enthalpy changes intrinsically.
To examine these arguments, we carried out singular on the theoretical curve calculated with the averaged
parameters in Table 4 (Figure 5D). Moreover, the firstvalue decomposition (SVD) analysis. SVD is an extremely
powerful theorem to emerge from matrix mathematics and second vectors (VT1 and VT2) obtained in the SVD
analysis also agree with the theoretical curve (Fig-(Henry and Hofrichter, 1992; Johnson, 1992). By analyz-
ing a matrix, i.e., a series of spectra, on the SVD theorem, ure 5D).
To further analyze the cooperativity of chignolin inwe can logically determine the necessary and sufficient
number of the components that describe the system atomic level, we carried out NMR melting measurements
by monitoring the proton chemical shifts with tempera-without omission. The results show that only the first
and the second singular values are significant (Figure tures from 277 to 342 K. Every proton exhibited a sharp
single peak (except splitting due to J-coupling), indicat-5E). Except for the top two, the weighted basis spectra
US of the third and remaining components correspond ing that chignolin exchanges its conformations rapidly
in shorter timescale than the NMR measurements. Asto noise (Figure 5D). The autocorrelations, ACU and ACV,
of the top two components are close to 1, while autocor- shown in Figures 6A–6C, the chemical shift values of
many protons moved more than 0.1 ppm with tempera-relations of the other components are obviously small
(Figure 5F). These results indicate that there are only ture. Especially, the side chain protons of Tyr2 showed
quite large changes (0.20.9 ppm). This indicates thattwo orthogonal components in the CD matrix A(i, Tj),
which is consistent with the above argument. Hence, microscopic environment around Tyr2 is greatly altered
upon unfolding, which is consistent with above interpre-the thermodynamic analyses were carried out on the
basis of the two-state equilibrium theory. The melting tation that the characteristic positive CD peak at 229
nm would be attributed to the interaction between Tyr2curves of chignolin at 229 and 213 nm showed a shallow
transition, while that of GPM12 declined gradually and and Trp9. According to the determined structure of chig-
nolin (Figure 4A), these two aromatic rings are estab-almost linearly (Figure 5C). By analyzing the two melting
curves individually, the thermodynamic parameters of lished in an edge-to-face orientation, and Tyr2 is placed
near the-orbital of the Trp9 ring. Therefore, this unevenchignolin were determined. Unexpectedly, the heat ca-
pacity change (Cp) of chignolin was first calculated as a influences observed in NMR measurements, i.e., the
large ring current effect on Tyr2 by Trp9 compared toslight negative, though it seems strange for a monomeric
protein to show a negative change in heat capacity upon the small effect on Trp9 by Tyr2, are comprehensible.
Global fit analysis of NMR melting curves was performedunfolding. In view of the small absolute values of the
results from fitting, we have also analyzed the data by using the data of protons that moved more than 0.07
10 Residue Folded Peptide
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Figure 3. Aromatic Regions of 1H-NOESY
Spectrum of Chignolin at 277 K
Chemical shift values of H2, H3, H#, and
H# of Tyr2 are largely shifted from their cor-
responding values in a random coil conforma-
tion (Table 3). Long-range NOE crosspeaks
are obviously detected between these pro-
tons and Trp9-H1 or -H3. Amplitudes of
many crosspeaks are strong enough to treat
as distance constraints in the structural cal-
culation. For example, the relative volume of
the crosspeak between Tyr2-H# and Trp9-
H1 is about 0.077 (corresponding to a con-
straint within 2.0–4.5 A˚), when normalized
with the volume of the intraresidue crosspeak
between Tyr2-H# and Tyr2-H#.
ppm with temperature. Consequently, all data used here sion between the unique native structure and nonnative
conformations. Despite its molecular size, the structuralwere well fitted on a single transition curve calculated
on the two-state equilibrium theory (Figures 6D–6F). This and thermodynamic characteristics of chignolin might
allow us to call it “a protein.” Even with the considerableresult suggests that the microscopic behaviors of al-
most all atoms are synchronized with each other at the advances in designing a foldable peptide (miniature pro-
tein) (Cochran et al., 2001; DeGrado et al., 1999; Gellman,transition process. Moreover, resultant thermodynamic
parameters by NMR are in a good agreement with the 1998; Neidigh et al., 2002; Searle, 2001; Serrano, 2000),
chignolin is likely to be the smallest one found to date.parameters obtained from CD measurements (Table 4).
All the evidence provided by CD and NMR measure- As shown in Table 3, Hm and Sm of chignolin are
very small when compared with corresponding valuesments therefore leads to an inevitable conclusion that
a chignolin molecule folds and unfolds cooperatively obtained for typical monomeric proteins. However, the
enthalpy change per residue (2.7 kJ mol1 residue1)without passing through any intermediate states.
and the entropy change per residue (8.8 J mol1 K1
residue1) are within the distribution seen for those pro-Insights into the Structure and Stability
of Chignolin teins (H(323)  2.8  0.7 kJ mol1 residue1 and
S(323)  8.0  2.1 J mol1 K1 residue1) (MakhatadzeThe nature of a protein originates from its unique three-
dimensional structure, and from a cooperative conver- and Privalov, 1995). This indicates that the stability of
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(1034 A˚2) that was estimated using the empirical equa-
tion of Miller et al. (Miller et al., 1987). In addition, the
ratios of nonpolar, polar, and charged ASAs (56%, 22%,
and 22%, respectively) are similar to the averages of
natural larger proteins (Harpaz et al., 1994) (56%, 27%,
and 18%, respectively). These features intimate that the
surface of chignolin is organized according to a principle
common to natural proteins. On the contrary, the ratios
of the buried surfaces (ASA) of nonpolar, polar, and
charged portions (53%, 37%, and 10%, respectively)
deviated somewhat from the averages of natural pro-
teins (Harpaz et al., 1994) (62%, 31%, and 7%, respec-
tively). The value of nonpolar ASA per residues (22 A˚2)
is almost half of that found for natural proteins (Makha-
tadze and Privalov, 1995). The most remarkable differ-
ence between chignolin and natural large proteins is
that there is no completely buried residue inside chig-
nolin. (All residues of chignolin are over 50% accessible
to solvent.) Accordingly, these features suggest that the
interior architecture of chignolin may be somewhat al-
tered. One likely explanation is that the H-bond cluster
at the turn region works more efficiently than an average
polar interaction in an ordinary protein, and this benefit
compensates for the relatively small contribution of the
hydrophobic interactions in the interior of chignolin.
An Autonomous Element and Its Implications
In the segment database used in the present study, no
segment contained the same sequence as chignolin.
However, there were several segments showing consid-
erable sequential similarity to the central 8 amino acids
of chignolin (identity:50%). For example, the database
included hyaluronate lyase (828–835): YDAKQGVW; ga-
lactose oxidase (302–309): YSPSSKTW; galactose oxi-
dase (253–260): YDSSSDSW; and retinoic acid receptor
1 (279–286): YTPEQDTM. All of these segments form
-hairpin structures in their respective parental proteins.
Moreover, backbone rms deviations of the segments to
chignolin are within 0.8 A˚. This suggests that the seg-
ment having a sequence similar to chignolin would act
as an AE in any protein and would always fold into a
similar hairpin structure, regardless of the surrounding
Figure 4. Structure of the Designed Peptide, Chignolin context.
The creation of chignolin provides worthwhile insights(A) The ensemble of 18 structures of chignolin was optimally aligned
by superimposing backbone atoms of residues 2–9. into protein folding, evolution, and design. The result
(B) Dominant noncovalent interactions that stabilize the structure that a peptide consisting of only 10 residues folds spon-
of chignolin. The blue arrow denotes a hydrogen bond from the taneously in a cooperative fashion may compel us to
backbone nitrogen to the backbone oxygen atom (or side chain
revise the classical understanding that a domain is aatom), which satisfies both distance (DNO  3.2 A˚, DHO  2.5 A˚) and
fundamental unit of proteins. Of course, it is also trueangle (ANHO  120	) criteria. The red arrow denotes a hydrophobic
that most fragments of this size cannot keep their origi-interaction between side chains, except adjacent ones, that have a
contact surface area over 20 A˚2 per residue. nal structure. These facts above, therefore, are compre-
(C) Superimposition of chignolin (red) with PGB1 (green). Both back- hensible by recognizing that a domain is composed of
bones are illustrated using the averaged coordinates of the 18 struc- AEs and other regions. This aspect seems to be associ-
tures and the coordinates of 1pga, respectively. Segment 41–56 of
ated with the recent progress in structural prediction ofPGB1, corresponding to G-peptide, is drawn with a thick line.
proteins using a fragment assembly method (Simons et
al., 1997), and with the recent recognition that when a
protein unfolds, not all of its structure is lost (Shortlechignolin is balanced on the same tradeoff of enthalpy-
entropy compensation as a natural protein. To gain in- and Ackerman, 2001). Chignolin has been designed
based on the consensus sequence that was found insight into its architecture, the solvent accessible surface
area (ASA) of chignolin was evaluated using its coordi- the structural analogs that have a similar conformation
to the folding nucleus of GB1. This indicates that thenates. Surprisingly, the ASA value of the folded structure
(1103 A˚2) is nearly identical to the theoretical value sequence-structure correlation among AEs is consider-
10 Residue Folded Peptide
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Figure 5. CD Spectra and CD Melting Curves
of the Peptides
(A) Spectra of chignolin measured from 277
to 367 K (colored lines from blue to red). Line
1 is the spectrum in the presence of 7.6 M
urea at 293 K. The broken line 2 shows the
spectrum of an equimolar mixture of N-ace-
tyl-L-tyrosinamide and N-acetyl-L-tryptopha-
namide at 293 K.
(B) Spectra of GPM12 measured at 293 and
343 K, respectively (lines 3 and 4).
(C) Melting curves of chignolin monitored at
229 and 213 nm, respectively (lines 5 and 6).
Two theoretical curves (solid lines) are calcu-
lated using the same parameters: Tm  312.3
K, Hm  2.76 kJ mol1, and Cp  0. Line 7
shows melting curves of GPM12 monitored
at 229 nm.
(D) Three most important basis spectra (US)
from the SVD analysis. These spectra are
weighted by their singular values. Clearly,
only the first and the second (lines 8 and 9)
are significant, while the third (line 9) and re-
maining values are negligible.
(E) Significance of singular values from the
SVD analysis.
(F) Autocorrelations of the basis spectra
(ACU; open square) and of the vectors (ACV;
closed diamond) from the SVD analysis. Only
the top eight components are presented.
(G) Molar fraction of folded chignolin (fN). A
theoretical curve (solid line) is calculated us-
ing the same parameters as above. Blue,
green, red, and orange dots, respectively, de-
note the normalized intensities of the first and
second vectors (VT1 and VT2) from the SVD
analysis and the normalized ellipticities of the
melting curves at 229 and 213 nm.
able and that some of the folding nuclei consist of AEs. AE as a model of an ancient protein would be beneficial
to protein design. The strategy presented here will beIn addition, our results indirectly support the idea that
residues involved in a folding nucleus are evolutionally applicable to the creation of stable short peptides and
the modification of local structures within natural pro-conserved (Shakhnovich et al., 1996). There are two
possible explanations for the structural conservation of teins. Moreover, a novel protein having a nonnatural
fold/topology could be created using the “design bythe AE. One is convergent evolution and the other is
divergent evolution. The former would mean that the pieces” scenario. (Very recently, Baker and coworkers
have successfully created a new protein from scratchsequence diversity for this structural motif is restricted
for physical reasons. The latter would suggest that chig- using such a scenario. Initial three-dimensional models
were generated by assembling 3 and 9 residue frag-nolin may be a vestige of ancient proteins. Considering
the size of chignolin, the former explanation appears ments from the PDB. After an iterative computer calcula-
tion that optimizes both sequence and structure, a syn-more probable. However, the remarkable property that
a residual fraction of the folded state remains even at thesized 93 residue protein has exhibited a unique,
unobserved topology [Kuhlman et al., 2003].) To date,the boiling point of water should be highlighted, and
is especially interesting to consider if a submarine hot the knowledge about AEs is quite limited. If the future
studies discover more AEs and compile more knowl-spring was the origin of life (Baross and Hoffman, 1985).
Regardless of whether this is the case, thinking of an edge, our observation will be of importance in protein
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Table 4. Thermodynamic Parameters of Chignolin upon Unfolding
Tm Hm Sm Cp G(298) Remarks
(K) (kJ mol1) (J mol1 K1) (kJ mol1 K1) (kJ mol1)
312 27.1 86.8 0.012 1.24 a
316 32.2 101.7 0.025 1.87 b
314  3 29.6 3.6 94.2  10.5 0.019  0.009 1.56  0.45 avg  SD
311 25.9 83.5 0 1.07 c
314 29.3 93.2 0 1.48 d
312  2 27.6 2.3 88.3  6.9 1.27  0.29 avg  SD
315 26.0 82.3 0 1.43 e
The values were determined from CD melting curves at 229 nm (a, c) or 213 nm (b, d), or by the global fit analysis of NMR melting curves (e)
under the condition of variable Cp (a, b) or fixed Cp  0 (c, d, e).
After the BDHA values (φ, , and ) for all proteins were calculated,science and would be generalized to more applications
the structural dissimilarities between all 8 residue segments andin protein structure analysis and in protein sequence/
the reference structure, i.e., the central region of G-peptide, werestructure engineering.
examined. Two parameters, the averaged Euclid distance (Davr) in
BDHA and the Chebychev distance (Dmax) in BDHA, which were
Experimental Procedures defined as a quantitative scale for structural dissimilarity, were com-
puted according to the following equations, respectively:
Statistical Analysis




(φi φrefi )2  
L
i1
(i  refi )2  
L
i1
(i  refi )23L (1)and Sander, 1994) (ver. 2001_Sep.25) and the Culled_PDB (Wang
and Dunbrack, 2003) (ver. cullpdb_pc20_res1.6_R0.2_d011213_
chains370), were used independently in the analysis. There were
data for 1614 and 370 proteins, respectively, available for the follow-
ing calculation. From the two data sets, 248,061 and 77,173 seg- and
ments were obtained, respectively, which were composed of eight
continuous amino acids having no defects in the coordinate data. Dmax  max{|φi  φrefi |,|i  refi |,|i  refi |} i  1,2,…,L, (2)
Figure 6. NMR Melting Curves of Chignolin
(A–C) The temperature dependence of the
chemical shifts () of aromatic protons, H

protons, and H protons, respectively.
(D) Normalized chemical shift values of the
side chain protons of Tyr2 and Trp9. The val-
ues are rescaled to correspond to the molar
fraction of the folded state (fN). A solid line
denotes the theoretical transition curve,
which is calculated using the parameters in
Table 4 obtained from the global fit analysis.
(E and F) Normalized chemical shift values of
H
 protons and HN protons, respectively. The
same theoretical curves are represented.
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where L is a segment length (8). The values of the reference angles Stability Analysis
CD spectra and CD melting curves were recorded on a Jasco J-630were calculated using the coordinate data from segment 45–52 of
PGB1 (1pga). Various numbers of structural analogs can be deter- and J-805 spectropolarimeter. Peptides were dissolved at 0.4–2.0
mM in 20 mM sodium phosphate buffer (pH 5.5) in the absencemined by taking an arbitrary value as a tolerance for the structural
dissimilarity. After several trials, three groups of the analogs were or presence of 7.6 M urea. Urea concentration was confirmed by
refractive index. Spectra were measured at various temperaturesfinally considered. Groups A and B consisted of 113 and 118 analogs
(0.046% and 0.048% of the total set of segments, respectively), and were represented in units of molecular ellipticity per mole of
peptides. Melting curves were obtained by monitoring the ellipticitywhich were obtained from the PDB_Select data set by setting the
tolerance cutoffs to 17	 in Davr and 45	 in Dmax, respectively. Group at 229 and/or 213 nm while raising the sample temperature from
274 to 369 K at a heating rate of 1.0 K min1. Thermal denaturationsC consisted of 66 analogs (0.086%), obtained from the Culled_PDB
data set by setting the tolerance cutoff to 21	 in Davr. The averaged of all peptides were reversible, as judged by recovery of the spectra
(98%) upon cooling. The thermodynamic parameters of chignolinC
 rms deviations of these analogs from the PGB1 template were
0.44, 0.50, and 0.56 A˚ for the group A, B, and C, respectively. Using were obtained through fitting analysis using the two-state equilib-
rium model (Honda et al., 2000). The parameters for the folded andthe sequences of the structural analogs, the statistical propensities
of the 20 amino acids were determined every eight positions. The unfolded baselines, Tm, Hm, and Cp were allowed to vary. For
comparison, the calculation with Cp fixed to 0 was also performed.propensity (Pj(i )) of an amino acid i at the jth position is defined as
Numerical fitting calculations and the SVD analysis (Henry and Hof-
Pj(i )  pj(i)/pstd(i ), (3) richter, 1992) were carried out using IGOR software (Wavemetrics,
Inc.). The values of ASA were computed for every coordinate setwhere pj(i ) and pstd(i ) are the probability of a certain amino acid
using Insight II 2000 (Accelrys Inc.), and then they were averaged.appearing among the structural analogs and the standard probabil-
For estimating the ASA of the unfolded state, several sets of coordi-ity, respectively.
nates for extended conformations (φ  120	,   140	) were also
generated by varying the side chain conformations arbitrarily usingPeptide Synthesis
the Insight II 2000 (Accelrys Inc.) software package.Peptides were synthesized by a solid-phase method using standard
NMR melting curves were obtained from a series of 1D NMR9-fluorenyl-methoxycarbonyl chemistry, purified by reversed-phase
spectra measured at various temperatures from 277 to 342 K on aHPLC, and identified by electrospray ionization mass spectroscopy.
Bruker DMX-750 spectrometer (750.13 MHz for 1H). Solution condi-Both N and C termini of the peptides were in their free forms (not
tion was the same as used in the structural determination analyses.protected).
Almost perfect reversibility was confirmed in a spectrum of recooled
sample. Thermodynamic parameters were determined by a globalSedimentation Equilibrium Analysis
fit analysis of melting curves (containing aromatic, H
, H, and HNMeasurements were performed on a Beckman XL-I with rotor
protons) using the same two-state equilibrium model as used in thespeeds of 40, 45, and 50 krpm at 277 K. Absorbance at 280 nm was
CD analysis. Some melting curves which did not move more thanused to monitor a peptide concentration in a double sector cell. The
0.07 ppm with temperature were not considered in the global fitpeptide was dissolved in 20 mM sodium phosphate buffer con-
analysis to suppress artifacts from low S/N data.taining 100 mM NaCl (pH 5.5). Initial peptide concentrations were
set at 0.15, 0.3, or 0.5 OD, corresponding to 21, 43, or 70 M,
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